Nanoparticle research is often performed in vitro with little emphasis on the potential role of cell culture medium. In this study, gold nanoparticle interactions with cell culture medium and two cancer cell lines (human T-cell leukemia Jurkat and human pancreatic carcinoma PANC1) were The intracellular gold level of PANC1 cells was higher than that of Jurkat cells, where 50 nm particles enter cells at faster rates than the 25 nm particles.
Introduction
Perhaps one of the earliest use of colloidal gold in medicine was to diagnose syphilis in the Middle Ages [1] . Through technological advancement in the late 20 th and 21 st centuries, unique optical, electronic, and chemical properties of gold nanoparticles were revealed. Several review papers report these properties and applications of gold nanoparticles in various fields [1] [2] [3] . The inert core, ease of functionalization, and surface plasmon oscillation of colloidal gold renders them excellent vehicles for bio-nano-analytic applications and targeted drug delivery. An application of gold nanoparticles in bio-nano-analytics used gold nanoparticles that produce optical response when microalbumin is present in urine [4] . One other study utilized antiepidermal growth factor receptor conjugated gold nanorods for photothermal cancer therapy [5] .
The biotechnology applications of gold nanoparticles require them to be suspended in biologically relevant buffers, including cell culture media. Upon contact with a physiological buffer, a new interface with unique characteristics develops at the gold surface [6] . For instance, the protein corona that forms on gold surfaces determines the colloidal stability and the cellular uptake of nanoparticles [2, 7, 8] . Successful engineering of biotechnology applications utilizing gold nanoparticles includes the characterization of their size, shape, agglomeration state, chemical composition, surface area, surface chemistry, and surface charge when gold nanoparticles are suspended in physiological media, and which is the objective of this study.
Colloidal properties of gold nanoparticles of different diameters (10, 25, 50 , and 100 nm), such as aggregate size, morphology, and interfacial chemistry in physiological solutions were investigated. The gold nanoparticles were suspended in a commonly used cell culture media, namely Dulbecco Modified Eagle's Medium (DMEM) supplemented with protein-rich fetal calf serum (FCS). In order to test the particle properties in cell culture medium, a series of experiments were performed with UV-vis absorbance spectroscopy, dynamic light scattering (DLS), electrophoretic light scattering (ELS), and transmission electron microscopy (TEM). The nature of colloidal interactions was explained by the DLVO (Derjaguin and Landau, Verwey and Overbeek) theory [9] . In addition, cellular uptake of gold nanoparticles by two human cell lines ( Jurkat T-cell leukemia and human pancreatic carcinoma PANC1) was measured using inductively coupled plasma optical emission spectroscopy. Jurkat and PANC1 cells are structurally intrinsic, which allowed distinguishing nanoparticle interactions with adherent (PANC1) and suspension (Jurkat) cell lines. A toxicological investigation of gold nanoparticles was performed via the trypan blue exclusion technique on Jurkat and PANC1 cells.
Materials and Methods

Gold nanoparticles
The gold nanoparticles used in this study were purchased from Nanopartz Inc. (Loveland, USA). According to the manufacturer, the gold nanoparticles were capped with a carboxylic acid functionalized hydrocarbon agent (500 Da) and were used without any purification or treatment in this study. Four different sizes of gold nanoparticles (10, 25, 50 , and 100 nm) were suspended in deionized (DI) water with <0.1% sodium hydroxide.
Preparation of gold suspensions
Dulbecco's Modified Eagle's Media (DMEM; ATCC, USA) cell culture medium was used in particle characterization studies. DMEM contains low amounts of inorganic salts, amino acids, vitamins, and glucose. The list of ingredients of DMEM as supplied from the manufacturer is given in Table S1 . Unless otherwise stated, DMEM suspensions were supplemented with 10%
(v/v) fetal calf serum, which contains bovine serum albumin protein plus many other proteins essential for growth, and 1% of penicillin and streptomycin, yielding the same media constituents used for cell culturing. Small aliquots were taken from gold nanoparticle stock suspensions and pelleted by a benchtop centrifuge (Eppendorf Minispin, USA). Supernatants were removed from tubes and particles re-suspended in desired solutions. In some experiments DI water from an in-house system (Millipore, USA) was used. The test suspensions were mixed gently prior to experiments.
Particle characterization:
Gold suspensions were characterized by a particle analyzer and transmission electron microscopy. Both size and zeta potential measurements of gold suspensions were conducted using a particle analyzer (Delsa Nano, Beckman Coulter, Inc.) that utilizes DLS and ELS techniques. The light scattering experiments were conducted using 658 nm laser light. The DLS technique and the method of averaging the DLS data were described in detail in a previous publication [10] . All experiments were repeated at least 3 times. For long-term DLS studies the sample was kept at 37 o C between time points. The samples were measured 2 minutes after preparation. The details of the ELS measurement technique are given in the supporting information.
Henry's equation [11] was used to estimate the zeta potential from the electrophoretic mobility,
where ζ is the zeta potential, ( ) r f κ is the Henry's function, κ and r are the Debye length and particle radius, respectively. Henry's function reaches 1 for r κ approaching 0, which is known as the Hückel-Onsager limit; it converges to 1.5 for r κ approaching infinity, which is known as 
Henry's approach assumes that (1) the total electric field is the superposition of the external electric field and electric field arising from the charged surface; (2) polarization of the double layer is negligible; (3) Zeta potential is low (
; and (4) the particle is insulating. The last assumption might seem inapplicable for gold colloids; however, experimental observations suggest that they indeed behave as insulator colloids [13, 14] . As the electric field inside gold, which is a good conductor, is zero; the current should be carried on the surface. For gold colloids suspended in aqueous solutions, surface conductivity might be low due to adsorbed species, and therefore, colloidal gold behaves as insulators.
Gold nanoparticles were also observed by transmission electron microscopy. A test solution of 10 µl volume was placed on carbon coated 300 mesh copper grid (TEDPELLA Inc, Redding USA) and air dried for 24 hours. The grids were observed under high resolution transmission electron microscope (JEM-2100F, JEOL Ltd, Japan) operating at 200 kV; and Feret diameters of the nanoparticles were determined. Recorded images were processed using the ImageJ Software (v1.38x, NIH, USA) to extract the Feret diameter and circularity values. The Feret diameter is defined as the longest distance between any two points on the boundary of the particle.
UV-vis spectroscopy
UV-vis absorption spectra were collected with SHMADZU UV-2401 PC, UV-vis spectrophotometer.
Cell lines & cell culture
Toxicity and cellular uptake experiments were performed on the pancreatic cancer derived cell line PANC1, and the T-cell leukemia cell line, Jurkat (ATCC, Manassas, USA). PANC1 and Jurkat cells were grown in DMEM and Roswell Park Memorial Institute (RPMI; ATCC, USA)
respectively. Both types of growth medium were supplemented with glutamine, penicillin, streptomycin, and 10% fetal bovine serum. Cells were grown in a humidified atmosphere with 5% CO2 at 37 o C.
Cell viability
Exponentially growing cells were adjusted to a concentration of 2×10 5 
Results and Discussion
Size and morphology of gold nanoparticles
Typical electron micrographs of gold nanoparticles are shown in Figure 1 . The peak values of the size distribution spectra from the data shown in Figure 2 and polydispersity (PI) indexes of the corresponding samples are listed in Table 1 . Based on Table 1 and Figure 2 , the mean size of the particles suspended in DMEM was higher than the mean of those in DI water. Particles tend to form larger complexes in DMEM. Interestingly, regardless of their nominal sizes, particles form complexes around 100 nm. The PI indexes of the particles suspended in DMEM were higher than those suspended in DI water, implying that gold nanoparticles suspended in DMEM have broader size distributions. UV-vis spectra of 10, 25, and 50 nm gold nanoparticles suspended in DI water and DMEM are given in the supporting information (Figures S1). In DI water, absorbance gives a peak around 520 nm; whereas the peak is red-shifted to around 550 nm as the particles are suspended in DMEM. Figure 3 compares the UV-vis absorbance spectra of 10 nm gold nanoparticles suspended in DI water, DMEM, and DMEM without FCS. The peak around 520 nm disappears for the particles suspended in DMEM without FCS, suggesting aggregation in this medium. The DLS spectrum of pure DMEM (supporting information, Figure S2 ) shows no protein aggregation in DMEM.
In order to understand the effects of ionic strength and various elements in cell culture medium on dispersion state, gold nanoparticles of 10 nm in diameter were suspended in various buffers: Electrophoretic mobility measurements were conducted for the gold nanoparticles suspended in the following solutions: DI, DI suspended with FCS, DMEM cell culture medium, DMEM without FCS, and NaCl suspensions of 12 and 124 mM. In order to accurately calculate the zeta potential, Henry's equation was utilized. Henry's function requires particle diameter and Debye length as input parameters; therefore, for each suspension mean value of strongest peak in the DLS size distribution was considered as the particle size. For DMEM, only contributions from NaCl, KCl, and NaHCO3 were considered during calculations since other salts are less than 2 mM and do not introduce significant errors on zeta potential calculation (Table S1 ).
Conductivity, mean particle diameter, mobility, and zeta potential for the suspensions are summarized in Table 2 . Zeta potentials of the gold nanoparticles can be sorted as the following with respect to the solutions they are suspended in (as absolute values): DI>12 mM NaCl >DI+FCS>124 mM NaCl>DMEM without FCS. The order of zeta potentials is in accordance with the size distributions shown in Figure 4 , except for the suspensions with FCS. The DI suspension had the largest zeta potential and the best dispersion quality. The suspension with 124 mM NaCl yielded higher zeta potential (absolute) than DMEM without FCS that has the same ionic conductivity. The zeta potentials of 12 mM NaCl and DI with FCS are similar.
Electrophoretic mobilities of gold nanoparticles suspended in NaCl solutions of varying molarity, 1:1 diluted, and pure DMEM are shown in Figure 5 (a).
The pH of NaCl solutions and DMEM were measured to be approximately 7.4. As the ionic strength increases, the mobility for both suspensions decreased. The mobility of the particles suspended in DMEM solutions were lower than those suspended in NaCl solutions. The corresponding surface charge densities of the gold particles were calculated by theory given in a study by Ohshima [15] . The electric charge in the Stern layer was neglected when calculating the surface charge. In other words, the surface of the particles was assumed to coincide with the hydrodynamic slip plane. The surface charge densities of the particles suspended in NaCl solutions and DMEM are shown in figure 5 (b) . The surface charge densities for both suspension types increased as ionic strength increases, and the surface charge density of particles suspended in DMEM was lower than those suspended in NaCl solutions.
DLVO theory of colloidal stability can be utilized to explain the nature of colloidal interactions. Basically, the interaction between two colloids is dominated by two main forces:
electrostatic repulsion and van der Waals attraction. The repulsive force stems from the electrostatic interaction between the similarly charged double layers. According to the London theory, the attractive van der Waals force results from the interaction between a temporary dipole on one material and an induced dipole on the other material. This molecular force can be pairwise summed to account for the whole material. Hence, the total interaction potential between two materials is given as the following [9] :
where ψ R V is the repulsive potential at fixed surface potential, A V is the attractive potential, a is the particle radius, 0 ψ is the surface potential, κ is the reciprocal of Debye length, H is the separation distance between the particles, and gwg A is the Hamaker constant for gold-water-gold interface. In addition to the electrostatic repulsion and attractive van der Waals interactions, several forces play a role in particle-particle interaction. The following can affect the colloidal stability: hydrodynamic, solvent, steric, and polymer bridging interactions [6] .
The collision rate between the single spherical particles can be written as the following,
where b k is the Boltzmann constant, T is the temperature of the system, and µ is the viscosity. It can be inferred from the above equation that the collision rate between the colloids scales with the square power of the particle concentration. According to equation (4), the collision rate decreases as the interaction potential between the particles increases. An increase in the interaction potential requires an increase in the repulsive part of the potential, which acts as a barrier between the particles. Moreover, a temperature increase in the system can affect the stability by increasing the collision rate. The above analysis of colloidal stability supports the results presented here. In low conductivity buffers such as DI water, the double layer is thicker, and the repulsive force field is long range. As particles are suspended in a physiological medium, the double layer thickness decreases, and therefore, the repulsive potential in equation (3) becomes less effective in the long range to prevent agglomeration. Therefore, agglomeration is prominent in physiological solutions without FCS, which is obvious from Figure 4 . Larger sized particles become pronounced in the intensity-based size spectra when the nanoparticle mass concentration is increased by a factor of 5 ( Figure S4 ). The collision rate increased as the nanoparticle mass concentration is increased.
Zeta potential is an important parameter in the repulsive electrostatic force between the particles (equation 3). The repulsive force scales with the square of the surface potential. In addition, the higher the zeta potential the longer the range of repulsive force. Therefore, suspension stability is enhanced by increased zeta potential. Gold nanoparticles in DI water have the highest zeta potential among other suspensions listed in Table 2 . Accordingly, it has the best dispersion quality, as shown in Figure 4 . Zeta potential of the colloids gradually decreased, as the ionic strength increased from that of DI water to physiological ionic strength (~130 mM). This decrease is obvious from both Table 2 and Figure 5 (a). The decrease in zeta potential also causes a decrease in dispersion quality. Interestingly, the zeta potential of FCS suspension is a little lower than that of the NaCl solution with the same ionic conductivity; however, FCS suspension yields better dispersion states than the NaCl suspension ( Table 2 ). The same is true for DMEM suspensions with and without FCS where there is a substantial difference between the dispersion qualities of DMEM suspensions. This suggests a specific interaction between FCS constituents and gold nanoparticles, which is further supported by red-shift in the UV-vis spectra of nanoparticles suspended in DI water and DMEM (Figures S1 (a) and (b) ). Several serum proteins such as albumin, immunoglobulin, and fibrinogen were found to bind on nanoparticles [6] . Absorption of proteins on gold nanoparticles enhances the colloidal stability through steric mechanisms. Adsorbed proteins on the particle surface act like spring structures that exert a repulsive force inhibiting contact between particles, and thereby increasing the colloidal stability. There are two main hypotheses for the explanation of the interaction between proteins and gold nanoparticles [16] . The electrostatic binding hypothesis states that the electrostatic interaction between charged surface residues of the protein (for instance from protonation of the charge groups) and charged surface groups (for instance negatively charged ligands) are responsible for the binding. The other hypothesis states that the stabilizing monolayer on the surface is replaced by the proteins during adsorption. Gold nanoparticles used in this study were produced with a hydrocarbon-capping agent (500 Da) that was carboxylic acid functionalized. This monolayer is responsible for the net negative charge and the surface reactivity. However, according to the gold nanoparticle's manufacturer, the nanoparticle's capping agent is adsorbed onto the nanoparticle surface by weak van der Waals forces. Following this fact, the weak bonds between surface and capping agent are easily replaced by protein-gold bonds. Different binding mechanisms were observed in previous studies: The most abundant serum protein albumin was found to bind on citrate stabilized gold nanoparticles by the fist way described above, rather than exchanging the stabilizing monolayer [16] . The same way of binding of albumin, myoglobin, and cytochrome c, was observed on mercaotoundecanoic acid stabilized gold nanoparticles [17] .
The increase in the surface charge density with ionic strength, shown in Figure 5 (b), can be best described by preferential solubility of the ions in the interfacial region [18] . In addition to the preferential solubility of ions, the hydrated ions might lose their hydration shells and bind to the gold surface. However, this process is thermodynamically unfavorable. The suspension of gold nanoparticles in DMEM yielded lower surface charge density, which might be due to the following reasons: (1) adsorption of positively charged or uncharged aminoacids (such as LGlutamine that is abundant in blood serum) and (2) differential solubility of ions of the cell culture medium in the interfacial region. The adsorbed aminoacids are larger than hydrated ions.
Therefore, following the above-mentioned facts, the effective area of net negative nanoparticle charge decreased in DMEM.
There is a correlation between the morphology of the agglomerates and colloidal stability [19] .
Depending on the ionic strength, the agglomerates might be formed in one, two, and threedimensional fashions. At low ionic strengths where the repulsive forces between the particles are effective, the trajectory of one particle is along the axis of symmetry of a doublet. This in turn generates a triplet, and particles form linear aggregates as a result. Two-dimensional agglomerates form at moderate electrolyte concentrations. In two-dimensional formations, particles tend to adhere to sides of the particle groups, and thereby planar particle groups are The cell membrane permits the diffusion of small nonpolar molecules and uncharged polar molecules through its membrane. For example water, O2, CO2, ethanol, and glucose can pass the cell membrane by diffusion. However, nanoparticles are incapable of crossing the cell membrane by diffusion due to their large size. Cellular uptake of nanoparticles is determined by their protein corona. It has been previously reported that receptor specific binding of gold nanoparticles on the cell surface is followed by membrane wrapping and endocytotic uptake of nanoparticles [2, 20] . Assuming non-specific adsorption of serum proteins by gold nanoparticles, multiple serum proteins attached to the nanoparticles will allow entry through multiple receptor sites (for example receptor-mediated phagocytosis). Alternatively, a greater array of divergent receptors may be present on the surface of PANC1 cells, allowing for greater uptake of nanoparticles through multiple receptor sites in this cell type. Chitrani [20, 21] reported 50 nm as the optimum diameter for uptake of transferin-coated gold nanoparticles. The results in figure 6 indicate higher uptake of 50 nm gold nanoparticles at the same mass concentrations.
Interestingly, according to the results in Figure 2 (b) and Table 2 , 25 and 50 nm gold particles form similar sized complexes with the former having a broader size distribution. However, the type of proteins that surround particles might differ between 25 nm and 50 nm particles, depending on the degree of surface curvature [7] . Accordingly, the results in Figure 6 indicate the importance of cell receptor-protein interactions on cellular uptake of nanoparticles rather than dependency of uptake on the nominal size.
Cellular toxicity
Nanoparticles appeared to be non-toxic to Jurkat and PANC1 cells. Jurkat cells grown in the presence of 25 nm and 50 nm nanoparticles at 10 µg/ml concentration showed viability of 102% and 93%, respectively at 24 hours normalized with unexposed controls (100%); and 99% and 100%, respectively at 48 hours. The PANC1 cells showed viability of 107% and 124% normalized with the unexposed controls when grown for 24 hours in the presence of 25 nm and 50 nm nanoparticles, and 91% and 83%, respectively at 48 hours.
Conclusions
In this study, the behavior of gold nanoparticles in cell culture media was investigated. Four different sizes of gold nanoparticles at the same mass concentration were tested in culture media in the presence and absence of fetal calf serum. Dynamic light scattering, electrophoretic light scattering, UV-vis spectroscopy, and transmission electron microscopy were employed to gain insights on the dispersion state of nanoparticles. Nanoparticles formed similar sized particle complexes when suspended in DMEM. The results suggest agglomeration of nanoparticles in DMEM without FCS. The size of the agglomerates was found to increase with increasing nanoparticle concentration. The nanoparticles were found to be stable over long time periods (48 hours). Zeta potential measurements were carried out by the electrophoretic light scattering technique to gain insights into the interfacial chemistry in culture media. Results showed that fetal calf serum increased the dispersion quality of nanoparticles without increasing the zeta potential, likely due to steric forces. The intracellular gold levels of Jurkat and PANC1 cells were analyzed by inductively coupled plasma optical emission spectroscopy and showed more gold particles in PANC1 cells compared to Jurkat cells. At the same mass concentration, 50 nm diameter gold nanoparticles entered cells more readily than 25 nm particles. According to the DLS results, 25 and 50 nm particles formed complexes of similar sizes in DMEM. Thereby, the type of protein corona around the particle appears to play a crucial role in nanoparticle uptake.
At the same mass concentration, gold nanoparticles were found to be non-toxic to the cells.
These observations are critical while designing cargo vehicles for drug delivery or for delivery of nanoparticles for other therapeutic purposes. In addition, the relative contributions of different uptake mechanisms, such as the receptor mediated phagocytosis and direct penetration, in specific cell types could be another avenue of future research. Investigation of uptake mechanisms of different cell lines is clearly important future work. This image cannot currently be displayed. 
